Classical swine fever (CSF) is a severe, febrile and highly contagious disease caused by classical swine fever virus (CSFV) that has resulted in huge economic losses in the pig industry worldwide. CSFV N pro has been actively studied but remains incompletely understood. Few studies have investigated the cellular proteins that interact with N pro and their participation in viral replication. Here, the yeast two-hybrid (Y2H) system was employed to screen N pro -interacting proteins from a porcine alveolar macrophage (PAM) cDNA library, and a BLAST search of the NCBI database revealed that 15 cellular proteins interact with N pro . The interaction of N pro with ribosomal protein S20, also known as universal S10 (uS10), was further confirmed by co-immunoprecipitation and glutathione S-transferase pull-down assays. Furthermore, uS10 overexpression inhibited CSFV replication, whereas the knockdown of uS10 promoted CSFV replication in PAMs. In addition, N pro or CSFV reduced uS10 expression in PAMs in a proteasome-dependent manner, indicating that N pro -uS10 interaction might contribute to persistent CSFV replication. Our previous research showed that CSFV decreases Toll-like receptor 3 (TLR3) expression. The results showed that uS10 knockdown reduced TLR3 expression, and that uS10 overexpression increased TLR3 expression. Notably, uS10 knockdown did not promote CSFV replication following TLR3 overexpression. Conversely, uS10 overexpression did not inhibit CSFV replication following TLR3 knockdown. These results revealed that uS10 inhibits CSFV replication by modulating TLR3 expression. This work addresses a novel aspect of the regulation of the innate antiviral immune response during CSFV infection.
INTRODUCTION
Classical swine fever (CSF), which is classified as a notifiable disease by the World Organization for Animal Health (OIE) and is a former OIE List A disease, has a high mortality rate and is a contagious viral disease of domestic pigs and wild boars. CSF has led to huge economic losses in the pig industry worldwide. CSF is caused by classical swine fever virus (CSFV), which belongs to the Pestivirus genus within the Flaviviridae family. Hepatitis C virus (HCV) also belongs to this family [1] . The genome of CSFV is a single-stranded positive-sense RNA genome that is approximately 12.3 kb in length and contains a single large open reading frame (ORF). This ORF is translated into a polyprotein that is further processed into four structural proteins (C, E rns , E1 and E2) and eight non-structural proteins (N pro , p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B) by two cellular and three viral proteases (N pro , NS2 and NS3) [2] [3] [4] . N pro , the CSFV leader protein, has protease activity and plays an important role in escaping host innate immunity. CSFV N pro induces proteasome degradation of interferon (IFN) regulatory factor (IRF) 3, leading to the downregulation of type I IFN production [5] [6] [7] [8] [9] . However, CSFV virulence is not generally connected with the N pro function. CSFV can maintain virulence in the absence of the IRF3-degrading function of N pro [10, 11] . CSFV N pro also limits type I IFN induction in plasmacytoid dendritic cells by interacting with IFN regulatory factor 7 [12] . In addition, N pro interacts with IkBa, the NF-kB inhibitor [13] , but there is little information on the other cellular proteins that interact with N pro and their roles in CSFV replication.
Ribosomes, the organelles that catalyze protein synthesis, consist of a small 40S subunit and a large 60S subunit. Together, these subunits are composed of 4 RNA species and approximately 80 structurally distinct proteins. In addition to protein synthesis functions, ribosomal proteins are involved in non-ribosomal functions such as DNA repair, cell proliferation, cell development regulation and apoptosis [14, 15] . Several ribosomal proteins have been shown to specifically influence the translation of viral RNAs. Ribosomal protein RACK1 is a cellular factor that is required for infection by internal ribosome entry site (IRES)-containing viruses, such as HCV, which depends on a highly structured IRES for its translation [16] . Additionally, HCV IRES recruits 40S ribosomal subunits [17] . HIV-1 IRES activity relies on ribosomal protein S25 (eS25) [18] . The N pro of pestiviruses forms a complex with ribosomal and ribonucleoproteins in the cytoplasm that serves to recruit the machinery for the translation and production of viral particles [19] . When ribosomes begin to synthesize proteins, mRNA first binds the concave surface of the small 40S subunit. uS10, a ribosomal protein belonging to the S10P family, is a component of the 40S subunit. It has been reported that uS10 is associated with cancers, and the outcome of medulloblastoma is adversely associated with the overexpression uS10 on the long arm of chromosome 8 [20] . Recently, uS10 was found to interact with the grass carp reovirus (GCRV) VP7 protein via a yeast two-hybrid (Y2H) system [21] . However, the correlation between uS10 and viruses is not well understood. In this study, the role of uS10 during CSFV infection, and in particular its role in regulating CSFV replication, was investigated.
Toll-like receptors (TLRs) are the fundamental recognition receptors of the host innate immune system. By recognizing the conserved structures of pathogens, these receptors trigger innate immune responses via distinct signalling pathways. Relevant studies of innate immunity induced by CSFV have focused primarily on the activation of immune cells and the secretion of type I IFNs and pro-inflammatory cytokines. We previously studied the impact of CSFV Shimen and C strains on TLR expression. Upon CSFV Shimen strain infection, TLR2, TLR4 and TLR7 expression levels are upregulated, but TLR3 expression is downregulated, with no obvious changes in TLR1, TLR5, TLR6, TLR8 and TLR9, and undetectable levels of TLR10 [22] . However, the mechanism through which TLR expression is altered during CSFV infection has not been elucidated. Here, we investigate the potential link between uS10, TLR expression and CSFV replication.
To date, studies of N pro have mainly focused on preventing the induction of type I IFN and its effect on pathogenicity, whereas few studies have investigated the other functions of N pro and its molecular mechanisms. Here, 15 cellular proteins interacting with CSFV N pro were identified through the Y2H system. The potential link between uS10, one of the identified proteins, and CSFV replication and TLR expression was investigated. The results demonstrated that uS10, a novel N pro -interacting protein, inhibits CSFV replication by increasing TLR3 expression.
RESULTS

Screening for cellular proteins that interact with CSFV N pro
In the Y2H screening, 15 proteins were identified as having the potential to interact with CSFV N pro ( Table 1) . The identified proteins were sorted by the enrichment of GO categories. These GO enrichments included DNA binding, RNA binding, transcription factor activity and metabolic processes (Fig. 1a) . The pathway analysis of these identified proteins included the cytosolic DNA-sensing pathway, the RIG-I-like receptor signalling pathway, the Toll-like receptor signalling pathway, ubiquitin-mediated proteolysis, ribosome and endocytosis, starch and sucrose metabolism, and the insulin-signalling pathway. Based on these findings, an N pro -cellular protein interaction network was constructed (Fig. 1b) based on nine identified proteins, whereas other proteins were not searched in the STRING 10.0 database. The central protein N pro is marked as a diamond, the identified proteins interacting with N pro are shown as triangles and host cellular proteins related to the identified proteins are indicated by circles.
Interaction of N pro and uS10 with the Y2H system
Among the identified proteins, uS10 was subjected to further study due to its characteristics as a ribosomal protein. The interaction of uS10 and N pro was verified by the Y2H system, in which the yeast strain Y2HGold was cotransformed with the prey plasmid AD-uS10 and the bait plasmids BD-N pro or BD. Cotransformants carrying BD-N pro /AD-uS10 grew on QDO plates, and the clones were blue on QDO/X-a-Gal/Aba plates. By contrast, cotransformants carrying BD/AD-uS10 did not grow on QDO plates, demonstrating the interaction of N pro and uS10. Cotransformants carrying BD-p53/AD-T, BD-Lam/ AD-T and BD/AD as positive, negative and blank controls indicated that the experiments were successful (Fig. 2a) .
N pro interacts with uS10 in cells
To validate the interaction between N pro and uS10, a co-IP experiment was performed by incubating PAM lysates overexpressing uS10-FLAG and Myc-N pro together with FLAG-agarose beads, followed by Western blot with antiMyc antibody. As shown in Fig. 2(b) , uS10-FLAG successfully precipitated Myc-N pro , whereas no signal was observed when uS10-FLAG was replaced with RFP-FLAG. The expression of b-actin, FLAG fusion proteins and Myc-N pro was assessed using a quarter of the cells in the input assay. A reciprocal co-IP experiment was performed by incubating PAM lysates overexpressing uS10-FLAG and Myc-N pro with Myc agarose beads, followed by detection by Western blot with an anti-FLAG antibody. The reciprocal co-IP confirmed that Myc-N pro precipitated uS10-FLAG but not RFP-FLAG (Fig. 2c) . These results indicate the specificity of the interaction between N pro and uS10. After validating the interaction between N pro and uS10 in cells, we determined whether this interaction occurs in vitro. GST pull-down experiments were performed with a GST-N pro fusion protein expressed in E. coli BL21 cells and uS10-FLAG expressed in HEK293T cells. As shown in Fig. 2(d) , uS10-FLAG was captured by GST-N pro but not GST only. The expression of GST-N pro and uS10-FLAG was assessed in the input assay. To further verify the interaction between N pro and uS10, experiments with GST-uS10 expressed in E. coli BL21 cells and Myc-N pro expressed in HEK293T cells were also performed. The results showed that Myc-N pro was captured by GST-uS10 but not GST (Fig. 2e) , confirming the interaction between N pro and uS10 in vitro.
uS10 knockdown mediated by shRNA promotes CSFV propagation To examine whether uS10 participated in CSFV replication, four PAM cell lines stably transfected with uS10-sh1, uS10-sh2, uS10-sh3 and a negative control (shN) mediated by lentivirus infection were constructed. As shown in Fig. 3(a) , the positively infected cell rate was approximately 100 %. The knockdown efficiency of uS10-sh2 cells was highest (76 %) (Fig. 3b) . The uS10-sh2 and shN cells were infected with the CSFV at an m.o.i. of 0.1, and viral replication was analysed by real-time polymerase chain reaction (RT-PCR) and IFA. Compared with shN cells, the CSFV genomic RNA in uS10-sh2 cells was increased by 2.9-and 3.6-fold at 24 and 48 h post-infection (p.i.), respectively (Fig. 3c) . The viral titres in the uS10-sh2 cells increased by 7.5-and 11.2-fold at 24 and 48 h p.i., respectively, compared with the levels observed in shN cells (Fig. 3d) . These results suggest that uS10 knockdown promotes CSFV viral genome replication and progeny virus production.
uS10 overexpression inhibits CSFV replication
The observation that uS10 knockdown resulted in enhanced CSFV replication prompted us to determine the impacts of uS10 overexpression on CSFV replication. The cell lines stably expressing uS10 (CMV-uS10 cells) or CMV (CMV cells) were constructed and infected with CSFV at an m.o.i. of 0.1. As shown in Fig. 3 (e), the green fluorescence in CMV or CMV-uS10 cells was visible under an inverted fluorescence microscope, but no green fluorescence was detected in the mock-transfected PAMs, and the positively transfected cell rate was approximately 100 %. uS10 overexpression in CMV-uS10 cells was confirmed by comparison with CMV cells by Western blot (Fig. 3f) . CSFV genomic RNA was reduced by 3.2-and 4.8-fold at 24 and 48 h p.i. in CMVuS10 cells compared with CMV cells (Fig. 3g) . The viral titres of the infectious progeny in the CMV-uS10 cell culture supernatant were reduced by 7.5-and 15.0-fold at 24 and 48 h p.i. compared with the control (Fig. 3h) . These results imply that uS10 plays a cellular antiviral role during CSFV infection.
N pro or CSFV reduces uS10 expression
To detect the potential effects of N pro on uS10 expression, PAMs were transfected with different amounts of 3.1-N pro . Western blot analysis demonstrated that uS10 expression was decreased in PAMs with increasing N pro expression in a dose-dependent manner at 36 h p.t. (Fig. 4a) . In addition, PAMs were transfected with CSFV C, as well as the unrelated protein EGFP, as negative controls. As shown in Fig. 4 (b), transfection with EGFP did not change uS10 protein expression and transfection with C protein slightly increased the uS10 protein level in PAMs at 36 h p.t., implying that N pro exerted a specific effect on uS10 downregulation. EGFP expression in 3.1-EGFP-transfected PAMs was confirmed by green fluorescence detection under an inverted fluorescence microscope (data not shown). To further clarify how N pro downregulated uS10 expression, PAMs transfected with 3.1-N pro for 12 h were treated with the proteasome inhibitor MG132 (1 µM) or DMSO as a control for an additional 24 h. The results showed that N pro was incapable of reducing uS10 protein expression in the presence of MG132 (Fig. 4c) . The data indicated that uS10 expression is reduced by N pro in a proteasome-dependent manner. To detect the effect of CSFV on uS10 expression, mock-infected and CSFV-infected PAMs were harvested at the indicated times, and uS10 expression was analysed by Western blot. The uS10 protein levels were slightly lower in CSFV-infected cells than in mock-infected cells at 24 and 48 h p.i. (Fig. 4d, e) . We also detected the effects of MG132 on uS10 expression during CSFV infection. The results showed that CSFV was unable to reduce uS10 expression levels in cells treated with MG132 ( Fig. 4f, g ), similar to the effect of N pro on uS10. These data demonstrate that N pro or CSFV reduces uS10 expression in a proteasome-dependent manner. Taken together with the inhibition of CSFV replication by uS10, these data indicate that N pro -uS10 interaction might play a major role in persistent CSFV infection.
uS10 positively modulates TLR3 expression
To clarify the role of uS10 in regulating the cellular antiviral response, the effects of uS10 on TLR2, TLR3, TLR4 and TLR7 expression were investigated. In CMV-uS10 cells, TLR3 mRNA expression was 11.8-fold higher than in CMV cells. There were no obvious changes in the TLR2, TLR4 and TLR7 mRNA expression levels compared with the control (Fig. 5a ). TLR3 protein expression was upregulated 1.8-fold, whereas TLR2, TLR4 and TLR7 showed no obvious changes in CMV-uS10 cells (Fig. 5b) . In uS10-sh2 cells, the TLR3 mRNA and protein expression levels were 4.3-and 2.1-fold lower, respectively, than in shN cells, and slight differences were observed in the TLR2, TLR4 and TLR7 expression levels (Fig. 5c, d ). These data demonstrate that uS10 positively modulates TLR3 expression, regardless of TLR2, TLR4 and TLR7 expression. uS10 inhibits CSFV replication by modulating TLR3 expression To determine whether uS10 inhibits CSFV replication by regulating TLR3, we assessed the CSFV genomic RNA and viral titres in PAMs by overexpressing TLR3 while silencing uS10, and conversely by silencing TLR3 under uS10 overexpression. TLR3 overexpression was detected by Western blot (Fig. 6a) . Notably, the CSFV genomic RNA and viral titres were not increased in PAMs co-transfected with uS10-sh2 and CMV-TLR3 compared to PAMs co-transfected with shN and CMV-TLR3 at 24 and 48 h p.i. However, the CSFV genomic RNA and viral titres were increased in PAMs cotransfected with uS10-sh2 and CMV compared with PAMs co-transfected with shN and CMV (Fig. 6b) . Furthermore, TLR3 silencing was performed by shRNA-mediated knockdown, and TLR3-sh2 yielded the highest knockdown efficiency (Fig. 6c ) and was thus used for subsequent experiments. Notably, uS10 overexpression did not reduce the CSFV genomic RNA or viral titres in TLR3-sh2 knockdown PAMs, whereas uS10 overexpression reduced the CSFV genomic RNA and viral titres in shN-transfected PAMs (Fig. 6d ). These results demonstrate that uS10 inhibits CSFV replication by modulating TLR3 expression.
DISCUSSION
In this study, 15 host cell proteins were verified as interacting with N pro using the Y2H system. Excluding the known interacting cellular proteins IRF3, IRF7 and IkBa, 12 new proteins were identified in this study. Jefferson and coworkers used a mass spectrometry (MS) approach to identify 55 cellular proteins that interact with CSFV Alfort N pro . Among these is a group of ribosomal proteins and proteins found in ribonucleoprotein complexes, but uS10 was not detected [19] . They used HEK293 cell lysates incubated with GST-N pro protein for MS analysis. They failed to identify the binding of N pro to IRF3, IRF7, or IkBa, reflecting differences between the Y2H and MS approaches. The differences between the approaches might be responsible for the different results. MS has been applied to identify proteolytic fragments of proteins, or even entire proteins and protein complexes. MS might determine all the components of a larger complex, which do not necessarily all interact directly with each other, while Y2H studies identify defined binary interactions and can detect interactions of lower affinity that are quite transient [23] . In the present study, bioinformatics approaches were employed based on the Y2H results. The identified proteins were characterized by GO and pathway analyses and were determined to be involved in metabolism, cell apoptosis, immune response, transcription regulation, heat-shock reaction and disease. In addition, an N pro -cellular protein interaction network was constructed. These data provide an empirical foundation for further research on the function of CSFV N pro . Here, uS10 was found to interact with N pro in our Y2H system and through co-IP and GST pull-down assays. However, whether the N pro -uS10 interaction occurs in a direct manner, or in an indirect manner in which N pro -uS10 forms a large complex with IRF3, IRF7, another protein included in Table 1 , or an as-yet-unidentified protein will be further investigated. Furthermore, uS10 was previously identified as interacting with the GCRV VP7 protein via the Y2H system [21] . uS10 performs diverse functions in cellular processes. In eukaryotes, uS10 mutation is associated with disease occurrence [24, 25] . Germline mutation of uS10 causes predisposition to hereditary nonpolyposis colorectal carcinoma without DNA mismatch repair deficiency [26] . In human leukaemia cells, uS10 is involved in the early stages of apoptosis [27] . uS10 plays an important role in the generation of influenza B virus and reduces the early incidence of apoptosis [28] . In addition, uS10 regulates the Mdm2-p53-MdmX network. uS10 binds Mdm2, activates p53 through inhibition of the E3 ubiquitin ligase activity of Mdm2, and induces cell death and cell cycle arrest, which also downregulate MdmX expression levels [29] . However, the role of uS10 in CSFV infection, especially in viral replication, has not been explored. Here, we show that uS10 interacts with CSFV N pro and inhibits viral replication. Interestingly, we found that the effects of uS10 on CSFV viral titres were more obvious than the effects on CSFV genomic RNA. We speculate that uS10 might influence virus packaging or particle release. However, this hypothesis needs to be further validated. This study provides the first demonstration that uS10 is involved in viral replication and plays an antiviral role in the course of CSFV infection. To achieve productive infection, viruses have numerous strategies to evade the host's antiviral response. CSFV N pro limits type I IFN induction through proteasomal degradation of IRF3 and interaction with IRF7 [30, 31] . CSFV increases the expression of heat-shock protein 70, which interacts with NS5A to promote CSFV RNA replication [32] . CSFV upregulates cellular membrane protein annexin 2, which is bound to CSFV E2 glycoprotein, to promote CMV-uS10 cells. The viral titres in the supernatant collected at 24 and 48 h p.i. were determined and expressed as TCID 50 ml À1 . Error bars represent the mean±SD of three independent experiments. **P<0.01 and ***P<0.001 calculated using Student's t-test.
DMSO treatment
MG132 treatment 48 h p.i. CSFV multiplication in PK-15 cells [33] . In addition, CSFV decreases thioredoxin 2, an E2-interacting protein, to enhance CSFV replication via inhibition of NF-kB activation [34] . CSFV also activates ERK1/2 via the interaction of MEK2 with E2 to promote CSFV replication in PK-15 cells [35] . Here, we show evidence that N pro reduces uS10 expression to promote CSFV replication by decreasing TLR3 expression. In our study, we showed that N pro specifically induced the proteasomal degradation of uS10 expression in a dose-dependent manner in PAMs. We also showed that CSFV decreased uS10 expression slightly in a proteasomedependent manner. We speculate that other CSFV proteins might antagonize the process. For example, we showed that CSFV C increased the uS10 protein levels slightly. Similarly, the decrease in uS10 expression attributed to N pro might occur directly from N pro or via the indirect effects of other proteins that are regulated or degraded by N pro . In addition, N pro might also influence uS10 function by sequestering uS10, and whether N pro sequesters uS10 will be further studied. Nevertheless, our data provide a novel perspective that the decrease in uS10 levels by N pro contributes to CSFV infection.
HCV NS5A modulates the TLR-MyD88-dependent signalling pathway in macrophage cell lines [36] . We previously reported the effect of CSFV Shimen and C strains on TLR expression. Upon CSFV Shimen infection, TLR2, TLR4 and TLR7 expression levels are upregulated, but TLR3 expression is downregulated. In addition, CSFV Shimen modulates the TLR3-mediated innate immune response [22] . In our study, uS10 positively modulated TLR3 expression. We speculated that uS10 inhibits CFSV replication by regulating TLR3. As expected, uS10 overexpression did not inhibit CFSV replication following the silencing of TLR3, and uS10 knockdown did not promote CFSV replication following TLR3 overexpression in PAMs, implying that uS10 inhibits CSFV replication by modulating TLR3. TLR3 is part of the host innate immune system and plays an important role in the recognition of double-stranded RNA to trigger antiviral and inflammatory responses to combat viral infections in specialized cells, such as conventional dendritic cells, and a variety of epithelial cells that function as efficient barriers to infection [37] . TLR3 has been reported to promote cross-presentation of virus-infected cells through the engagement of virus-derived RNAs [38] . TLR3 plays an antiviral role against dengue virus, seasonal and avian influenza viruses, and other respiratory viruses, including respiratory syncytial virus and SARS infection [39, 40] . However, TLR3 does not play an antiviral response against all viruses. TLR3 À/À mice do not display increased susceptibility to many viral infections such as murine cytomegalovirus (MCMV), vesicular stomatitis virus (VSV), lymphocytic choriomeningitis virus (LCMV) and reovirus [41] . TLR3 À/À mice are more resistant to lethal West Nile virus infection [42] . Here, we showed that TLR3 plays an antiviral role during CSFV replication, although the role of N pro in TLR3 expression requires further study. A previous study showed that the virulent CSFV Shimen downregulates TLR3 expression, while the vaccine C-strain does not change TLR3 expression. There are four amino acids that differ between CSFV Shimen and C-strain N pro . The results of the present study provide an empirical foundation on which the link between C-strain N pro , uS10 and TLR3, and the differences between CSFV Shimen and C-strain, can be examined. This study provides the first report on the effects of uS10 on TLR expression, and the first demonstration that uS10 inhibits CSFV replication by upregulating TLR3 expression.
CSFV genomic RNA (relative to b-actin) CSFV titers (Log10 TCID50 ml . (c) Western blot analysis of TLR3 expression in TLR3-knockdown PAMs. PAMs were transfected with TLR3-sh1, TLR3-sh2, TLR3-sh3, and shN (as a negative control). TLR3 expression at 48 h p.t. was determined by Western blot. (d) CSFV genomic RNA and viral titres in PAMs co-transfected with CMV-uS10 and TLR3-sh2. PAMs were co-transfected with CMV-uS10 and TLR3-sh2, with shN and CMV as controls, respectively, and then infected with CSFV at 24 h p.t. The CSFV genomic RNA and viral titres in the supernatant at 24 and 48 h p.i. were assessed by RT-PCR and IFA. The data represent the mean±SD of three independent experiments. **P<0.01 and ***P<0.001 calculated using Student's t-test. NS, not significant.
In conclusion, we demonstrated that uS10 interacts with CSFV N pro and inhibits CSFV replication by increasing TLR3 expression. These data provide insights into the mechanisms of CSFV replication, although the precise mechanism requires further investigation.
METHODS
Cells and virus
PAMs were cultured in RPMI 1640 medium (Gibco, UK), and swine testicular (ST) cells and human embryonic kidney (HEK293T) cells were cultured in Dulbecco's minimal essential medium (DMEM) (Gibco) with 10 % foetal bovine serum (FBS) (Biowest, France). CSFV (Shimen strain) was purchased from the Control Institute of Veterinary Bioproducts and Pharmaceuticals (China).
Vector construction CSFV N pro was amplified by polymerase chain reaction (PCR) and cloned into pGBKT7 (BD), pcDNA3.1 (+) with a Myc-tag, and pGEX-6P-1 to generate BD-N pro , Myc-N pro / 3.1-N pro and GST-N pro , respectively. uS10 was amplified by PCR and cloned into the lentivector pCDH-CMV-MCS-EF1-GFPPuro with a FLAG-tag and pGEX-6P-1 to generate uS10-FLAG/CMV-uS10 and GST-uS10. EGFP was amplified by PCR and cloned into pcDNA3.1 (+) to generate 3.1-EGFP. The plasmids 3.1-C (C cloned into pcDNA3.1 (+) with a Myc-tag) and CMV-TLR3 (TLR3 cloned into pCDH-CMV-MCS-EF1-GFPPuro) were constructed and conserved in our laboratory. Lentiviral vectors pGag/Pol, pRev and pVSV-G were conserved in our laboratory. Three pairs of shRNAs targeting pig uS10 and TLR3 and a negative control shN were predicted (http://rnaidesigner.thermofisher.com/) and designed. After annealing, the fragments were cloned into pCDH-U6-GreenPuro (SBI, Mountain View, CA, USA) to create uS10-sh1, uS10-sh2, uS10-sh3, TLR3-sh1, TLR3-sh2, TLR3-sh3 and shN lentivectors, respectively. All of the plasmids were confirmed by restriction digestion and sequencing.
Yeast two-hybrid screening For the Y2H assay, a Matchmaker Gold yeast two-hybrid system (Clontech, USA) was used to screen for host proteins that interact with N pro . Briefly, the PAM cDNA library was cloned into the pGADT7-Rec (AD) to generate AD-PAMs. Yeast strain Y187 was transformed with AD-PAMs. Yeast strain Y2HGold transformed with BD-N pro was mated with Y187 containing the AD-PAMs according to the manufacturer's instructions. Heterozygotes were grown on doubledropout (DDO) plates lacking Leu and Trp. The positive colonies growing on DDO plates were transferred to quadruple-dropout plates lacking His, Leu, Trp, and Ade containing X-alpha-galactosidase (X-a-Gal) and aureobasidin A (QDO/X/Aba) three times. The yeast plasmids were extracted and the prey plasmids were isolated with ampicillin by transformation into E. coli DH5a. The prey plasmids were identified by sequencing. The sequences were aligned using the Basic local alignment search tool (BLAST) on the NCBI website against the human non-refSeq and pig nonrefSeq databases. To confirm the interaction between N pro and uS10, Y2HGold was cotransformed with the bait and prey plasmids. The transformants were grown on DDO and QDO/X/Aba plates. Cotransformations with BD-p53/AD-T [simian virus 40 (SV40) large T antigen], BD-Lam (human lamin C protein)/AD-T and BD/AD served as positive, negative and blank controls, respectively. C, a quarter of the supernatant was subjected to input assays, and the rest was used for co-IP experiments with Anti-FLAG M2 affinity gel or Anti-c-Myc agarose affinity gel antibodies (Sigma, USA) according to the manufacturer's instructions. Briefly, 50 µl of the resin stored in 50 % glycerol was centrifuged for 30 s at 9000 g and rinsed twice with 1 ml of Tris-buffered saline (TBS; 50 mM Tris-HCl, with 150 mM NaCl, pH 7.4). The cell lysate was added to the equilibrated resin and rocked gently on a rotating platform overnight at 4 C. The resin was washed thrice with 1 ml of TBS and resuspended with 2ÂSDS sample buffer for Western blotting with an antiMyc or anti-FLAG antibody.
Co-immunoprecipitation assays
GST pull-down experiment For the GST pull-down experiment, GST-N pro was expressed in E. coli BL21 (DE3) cells and uS10-FLAG was expressed in HEK293T cells. The Pierce GST protein interaction pull-down kit (Thermo, USA) was used according to the manufacturer's instructions. Briefly, GST or GST-N pro expressed in E. coli were treated with pull-down lysis buffer and immobilized on equilibrated glutathione agarose resin for 2 h at 4 C. The resin was washed five times with 1 : 1 wash solution [TBS (25 mM Tris-HCl, 0.15 M NaCl, pH 7.2): pull-down lysis buffer]. HEK293T lysates containing uS10-FLAG were added and incubated overnight at 4 C. After five washes, the protein samples were eluted with glutathione elution buffer. The eluted proteins were detected by Western blot with an anti-FLAG antibody. Furthermore, GST-uS10 expressed in E. coli and Myc-N pro expressed in HEK293T cells was also subjected to GST pull-down experiments to verify the interactions as described above.
Construction of stable cell lines with uS10 overexpression and knockdown HEK293T cells were co-transfected with uS10-FLAG or uS10-shRNAs, along with three plasmids (pGag/Pol, pRev and pVSV-G) according to the manufacturer's protocol. At 16 h p.t., the medium was replaced with advanced DMEM supplemented with 2 % FBS, 0.01 mM L-a-phosphatidylcholine, 0.01 mM cholesterol (Sigma, USA), 4.0 mM L-glutamine and 1 : 1000 diluted chemically defined lipid (Invitrogen, USA). After 48 h incubation, the supernatant was centrifuged and collected as lentivirus. The lentivirus titre was determined by 50 % tissue culture infectious dose/ ml (TCID 50 ml À1 ) assay in HEK293T cells. Subsequently, PAMs in six-well plates were inoculated with 1 ml lentivirus and 1 ml fresh medium with polybrene was added to enhance the infection rate. After an 8-10 h incubation at 37 C, the medium was replaced with fresh medium, and the plates were incubated for another 48 h. The positive cells were selected with puromycin (Thermo, USA) to generate a stable cell line for CMV-uS10 overexpression (CMV-uS10) or uS10 knockdown (uS10-shRNAs). The vectors CMV and shN containing GFP reporter were treated equally as controls. The green fluorescence was detected under a fluorescence microscope (Nikon, Japan). The cell lines were used to examine uS10 expression and perform further experiments.
Real-time polymerase chain reaction
The relative mRNA levels of uS10, TLR and CSFV genomic RNA were quantified by RT-PCR using specific primers ( Table 2 ). The cells were lysed using TRIzol (Invitrogen, USA) for total cellular RNA. Subsequently, the cDNA was synthesized through reverse transcription using the PrimeScript RT reagent kit. RT-PCR was performed with GoTaq master mix (Promega, USA) according to the manufacturer's protocol. The housekeeping gene, b-actin, served as the internal control to normalize the relative expression level of each gene. Relative transcript levels were analysed using the DDCt method as specified by the manufacturer [43] .
Western blot
Cell lysates were prepared in radioimmunoprecipitation (RIPA) buffer with PMSF for 30 min on ice and were centrifuged at 14 000 g for 5 min to remove insoluble substances. The protein samples were boiled with 5Â SDS sample buffer and separated by 12 % SDS-PAGE, followed by transfer onto polyvinylidene difluoride (PVDF) membranes (Millipore, USA). After blocking with 5 % skimmed milk at room temperature for 2 h, the membranes were incubated with primary antibodies, namely mouse anti-GST mAb (Tianjin SungeneBiotech, China), mouse anti-Myc mAb, mouse anti-FLAG mAb (CWBIO, China), rabbit anti-human uS10 antibody (Cusabio, China), rabbit anti-TLR2, anti-TLR3 antibody (LSBio, USA), mouse anti-TLR4 antibody (Abcam, UK), goat anti-TLR7 antibody (Santa Cruz, China), overnight at 4 C. After five washes with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat antimouse IgG (Vazyme, China) secondary antibody (1 : 5000) for 2 h at room temperature. After another five washes, the signal was detected using an image analysis system (Bio-Rad, USA). b-actin served as an internal control protein.
Indirect immunofluorescence assay (IFA)
CSFV titres in culture supernatant were determined by IFA. ST cells were infected with the infectious progeny viruses collected from the culture supernatant. At 48 h p.i., cells were fixed with 1 : 1 stationary liquid (methanol: acetone) at 4 C for 20 min. Following three washes with PBS, the fixed cells were permeated with 1 % Triton X-100 at 4 C for 20 min. After three washes, the cells were incubated with 5 % skimmed milk at 37 C for 2 h, followed by incubation with positive CSFV serum at 4 C overnight. After three washes, the cells were incubated with rabbit anti-pig IgG (whole molecule)-FITC antibody (Sigma, USA) at 37 C for 2 h. Immunofluorescence was observed using a fluorescence microscope. The viral titres were expressed as TCID 50 ml À1 .
Bioinformatics analysis of the cellular proteins
The identified proteins were subjected to functional classification analysis and pathway analysis based on the Gene Ontology (GO) and UniProt databases and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database in DAVID 6.7. The cellular proteins related to identified proteins were predicted using the STRING 10.0 database [44] . Based on the correlations between the proteins, the N procellular protein interaction network was constructed using Cytoscape v 3.4.0 software.
Statistical analysis
Data analyses were performed as mean±SD. Differences in each groups were examined for statistical significance using Student's t-test and a P value of less than 0.05 was considered statistically significant.
